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►  The  system  Cei  *  yLaxSry02-{x/2+y)  has  been  investigated  for  the  first  time. 

►  In  present  study,  number  of  oxygen  vacancies  is  kept  constant  in  all  composition. 

►  Composition  Ceo  s9Lao.07Sro.04O1.925  has  maximum  conductivity  more  than  highest  conductivity  reported  in  SDC  and  GDC  at  600  °C. 

►  It  is  much  less  costly  than  that  of  SDC  and  GDC. 

►  This  makes  CL7S4  is  a  potential  candidate  as  a  solid  electrolyte  for  ITSOFCs. 


ARTICLE 


N  F  O 


A  B  S  T  R 


C  T 


Article  history: 

Received  18  June  2012 
Received  in  revised  form 
29  August  2012 
Accepted  31  August  2012 
Available  online  10  September  2012 


Keywords: 

Combustion  synthesis 
Co-doping  effect 
Impedance  analysis 
Electrical  conductivity 


Effect  of  strontium  doping  on  ionic  conductivity  of  lanthanum-doped  ceria  has  been  investigated. 
Distribution  and  average  radius  of  oxygen  vacancies  formed  from  divalent  and  trivalent  dopant  cations  in 
co-doped  system  has  been  calculated  using  hard-sphere  model.  Phase  identification,  microstructure  and 
ionic  conductivities  of  samples  have  been  studied  by  X-ray  diffraction  (XRD),  scanning  electron 
microscopy  (SEM),  and  AC  impedance  spectroscopy,  respectively.  X-ray  diffraction  reveals  that  all  the 
samples  are  single  phase  with  cubic  fluorite-type  structure.  Dense  ceramics  with  density  ~95%  of  the 
theoretical  density  have  been  obtained  without  using  any  sintering  aid.  The  results  show  that  the 
samples  co-doped  with  La  and  Sr  exhibit  higher  ionic  conductivity  and  lower  activation  energy  than 
those  of  ceria  doped  with  La  only  in  the  intermediate  temperature  range.  The  highest  ionic  conductivity 
has  been  observed  for  Ce0.89La0.07Sr0.04O1.925  in  the  samples  investigated  (4.01  x  10  3  S  cm1)  at  500  °C, 
which  is  20  times  as  high  as  that  of  Ceo.s5Lao.15O1.925.  Concept  of  average  oxygen  vacancy  radius  has  been 
found  to  be  a  useful  in  calculating  the  lattice  parameter  in  this  system. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Solid  oxide  fuel  cells  (SOFCs)  are  considered  as  an  alternative 
electric  power  generation  systems  due  to  high  energy  conversion 
efficiency,  fuel  flexibility  and  operation  directly  on  natural  gas  [1  — 
5],  Application  of  SOFCs  is,  however,  still  limited  because  of  high 
cost  of  component  materials.  The  SOFC-based  generators  can  be 
commercially  viable  only  if  their  production  cost  drops  [2,3],  This 
can  be  done  through  development  of  new  materials  as  solid 
electrolytes  because  these  are  the  key  components  of  electro¬ 
chemical  cells  [5].  Solid  electrolytes  should  have  numerous 
requirements,  such  as  high  oxide  ion  conductivity,  negligible 
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electronic  conduction  and  thermodynamically  stability  over  a  wide 
range  of  temperature  and  oxygen  partial  pressure.  Doped  ceria  is 
a  well  known  material  in  modern  ceramics  because  of  its  high 
oxide  ionic  conductivity  for  the  fabrication  of  fuel  cells  and  oxygen 
sensors  [6]. 

An  increase  of  oxygen  vacancies  in  ceria  enhances  the  ionic 
conductivity.  The  vacancies  are  not,  however,  free;  these  are 
associated  with  dopant  cations  leading  to  decrease  in  ionic 
conductivity  beyond  a  particular  concentration.  For  example, 
20  mol%  of  rare  earth  dopants  produce  sufficient  concentration  of 
oxygen  vacancies  in  samarium  doped  ceria,  Ce0.80Sm0.20O1.90 
(SDC)  [2]  and  gadolinium  doped  ceria  Ce0.80Gd0.20O1.90  (GDC) 
systems  [3],  If  the  content  of  the  trivalent  dopant  exceeds  20  mol 
%,  then  the  ionic  conductivity  decreases  due  to  defect  association 
and/or  clustering  of  oxygen  vacancies.  Ionic  radius  of  the  dopant 
also  affects  the  ionic  conductivity.  If  the  difference  in  the  ionic 
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radius  of  the  dopant  and  host  ion  (Ce4+)  is  large,  then  large  strain 
is  induced  in  the  lattice  and  the  ionic  conductivity  decreases. 
Compatibility  of  ionic  radius  of  the  dopant  and  the  host  cation  is 
very  critical  in  achieving  the  desired  lattice  match  and,  thereby, 
the  properties.  Moreover,  the  lattice  binding  energy  of  dopant 
should  be  low.  Thus,  taking  into  consideration  these  critical 
factors,  enhancement  of  the  ionic  conductivity  has  been  achieved 
by  suitable  dopants. 

Co-doping  has  been  reported  as  a  novel  method  to  increase  the 
ionic  conductivity  of  ceria  [4,5,7—15].  The  results  reported  on  co¬ 
doped  and  singly  doped  ceria  are  however,  controversial  in 
nature.  For  example,  Herle  et  al.  [16]  found  that  co-doped  ceria  with 
3,5  or  10  dopants  show  higher  ionic  conductivity  than  the  best 
singly  doped  materials  whereas  Yoshida  et  al.  [17,18]  did  not  find 
additive  effect  of  La3+  and  Y3+  co-doping  on  the  ionic  conductivity 
of  ceria.  Ceo.8oGdo.2-xPrxOi.9  [19],  Ceo.8oGdo.2-xSmxOi.9  [20]  and 
Ceo.85Gdo.iMgo.o5019  [21]  electrolytes  provide  evidence  for 
enhancement  of  the  ionic  conductivity  due  to  co-doing.  It  is  found 
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Fig.  1.  Powder  X-ray  diffraction  patterns  of  various  compositions  (a)  CL015,  (b)  CL11 S2, 
(c)  CL7S4,  (d)  CL3S6  sintered  at  1350  °C. 


that  ionic  conductivity  of  a  co-doped  system  is  sometimes  more 
while  other  times  less  than  that  of  a  singly  doped  ceria.  Systematic 
research  has  been  done  on  samarium  and  strontium  co-doped  ceria 
by  Yeh  and  Chou  [22]  who  found  that  Ceo.78Smo.20Sro.02O1.88  has  the 
highest  ionic  conductivity  (6.1  x  10-2  S-cm~ ' )  at  800  °C.  These 
authors  ascribed  the  enhancement  in  the  conductivity  to  the 
increase  in  number  of  oxygen  vacancies,  decrease  in  the  association 
enthalpy  and  increase  in  radii  of  oxygen  vacancies  which  widen  the 
channels  for  easy  movement  of  oxygen  ions. 

In  the  present  investigations,  effect  of  double  substitution  of 
La3+  and  Sr2+  on  the  electrical  properties  of  ceria  has  been  studied. 
Nanocrystalline  Ceo.85Lao.15O1.925  (CL015),  Ce0.87La0.11Sr0.02O1.925 
(CL11S2),  Ce0.89La0.07Sr0.04O1.925  (CL7S4),  and  Ce0.91La0.03Sr0.06O1.925 
(CL3S6)  having  same  number  of  total  oxygen  vacancies  have  been 
prepared  using  citrate-nitrate  auto-combustion  method.  A  signifi¬ 
cant  improvement  of  the  electrical  conductivity  is  observed  by  co¬ 
doping  ceria  with  lanthanum  and  strontium. 


2.  Experimental 


A  series  of  samples  having  general  formula  Cei_x_yLaxSryC>2-{x/ 
2+y)  where  {(x  =  0.15,  y  =  0),  (x  =  0.11,  y  =  0.02),  (x  =  0.07,  y  =  0.04) 
and  (x  =  0.03,  y  =  0.06)}  were  synthesized  by  citrate-nitrate  auto¬ 
combustion  method.  Starting  chemicals  used  for  the  synthesis  of 
powders  were  ammonium  ceric  nitrate  (purity  99%),  lanthanum 
oxide,  strontium  nitrate,  and  citric  acid.  Reaction  solution  consisted 
of  Ce-nitrate,  La-nitrate,  Sr-nitrate  (purity  99.5%),  and  citric  acid 
(purity>99%),  in  the  ratio  depending  on  the  final  composition. 
Citrate  to  nitrate  molar  ratio  in  the  solution  was  kept  constant  as  0.3 
[23],  The  solution  was  concentrated  on  a  hot  plate  at  200  °C  until 
excess  free  water  evaporated  and  the  final  spontaneous  ignition 
occurred.  Within  a  few  seconds,  the  combustion  reaction 
completed  with  yellow  porous  ash  filling  the  container.  During  the 
ignition,  the  container  was  covered  with  a  fine-mesh  sieve  to 
prevent  the  ash  from  flying  out  of  the  container.  The  as-collected 
ash  was  calcined  at  800  °C  in  air  for  4  h.  The  calcined  powders 
were  uniaxially  dry-pressed  into  pellets  (about  15  mm  in  diameter 
and  1.5  mm  thick)  without  any  binder  by  applying  50  lcN  load  into 
a  cylindrical  shape.  The  pellets  were  sintered  at  1350  °C  for  4  h. 

Crystal  structure  was  determined  using  a  Rigaku  high  resolution 
powder  X-ray  diffractometer  employing  Cu  Kal  radiation  and  Ni- 
filter  at  room  temperature.  Data  were  collected  in  the  Bragg  angle 
range  of  20°  <26  <  80°.  The  crystallite  size,  D  was  estimated  using 
Scherrer’s  formula 


D  4 


0.9A 
0  cos  6 


(1) 


where  (3  is  the  full  width  at  half  maxima  (FWHM)  excluding 
instrumental  broadening,  A  is  the  wave  length  of  X-ray  diffraction 
and  6  is  the  Bragg  angle.  /3  is  taken  for  the  strongest  Bragg’s  peak 
corresponding  to  (111)  reflection  for  all  the  samples.  Lattice 
parameters  were  calculated  using  ‘Cell’  software.  Density  of  sin¬ 
tered  pellets  was  determined  by  Archimedes  method  and 
expressed  as  percentage  of  the  theoretical  values  determined  from 
the  cubic  lattice  parameter  and  molecular  weight  of  sample.  Sin¬ 
tered  pellets  were  polished  using  emery  papers  of  grade  1/0, 2/0, 3/ 
0,  and  4/0  (Sia,  Switzerland)  followed  by  polishing  on  a  velvet  cloth 
with  diamond  paste  of  gradel  /4-OS-475  (HIFIN).  Then  these  were 
etched  thermally  at  1250  °C.  Micrographs  were  taken  with  the  help 
of  a  scanning  electron  microscope  (INSPECT  50  FEE). 

Electrical  conductivity  of  the  materials  was  measured  using 
sintered  pellets.  Silver  paste  was  used  as  electrodes  on  both  the 
surfaces  of  each  pellet.  Impedance  was  measured  using  a  Novo- 
control  Alpha-A  High  Performance  Frequency  Analyzer  with  an 
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Fig.  2.  (a)  Variation  of  lattice  parameter  as  a  function  of  the  dopant  concentration  for  the  system  Ce,  -x  yLaxSrj,02-M2-y)-  (b)  Calculated  results  and  experimental  data  for  the  lattice 
parameter  of  lanthanum  and  strontium  co-doped  ceria  systems  as  a  function  of  Sr  content. 


applied  voltage  of  20  mV.  The  measurements  were  made  in  air  in 
the  temperature  range  200—500  °C  at  different  frequencies  in  the 
range  1  Hz  to  1  MHz. 


The  lattice  parameters  of  lanthanum  and  strontium  co-doped 
ceria  system  (Cei  _x_yLaxSry02_{x/2+y})  were  calculated  by  hard 
sphere  model  [25],  The  equation  of  Cei  -x-yLaxSry02-{x/2+y}  system 
can  be  written  as: 


3.  Results  and  discussion 

Powder  X-ray  diffraction  of  as-prepared  ash  shows  the  forma¬ 
tion  of  a  single  phase  solid  solution  having  fluorite  structure  similar 
to  Ce02,  suggesting  that  Ce  ions  are  in  the  4+  state  in  the  as- 
prepared  ash.  If  the  Ce  ions  were  present  in  the  +3  state  in  the 
precursor,  one  would  expect  the  formation  of  Ce203  instead  of 
Ce02.  XRD  patterns  for  the  calcined  powders  are  similar  to  those 
obtained  after  sintering  except  that  the  diffraction  lines  become 
sharper  as  shown  in  Fig.  1.  This  is  due  to  grain  growth  occurring 
during  sintering.  Fig.  1  also  shows  that  the  28  values  of  co-doped 
ceria  shifts  slightly  towards  lower  angles  with  Sr  content.  Diffrac¬ 
tion  patterns  were  indexed  on  the  basis  of  fluorite  structure  similar 
to  Ce02  using  JCPDS  file  no.  43-1002.  The  lattice  constant  was 
determined  using  “Cell"  software. 

Lattice  constant  increases  from  5.4019  ±  0.0016  A  [24]  to 
5.4582  ±  0.0005  A  on  addition  of  La  to  CeC^.  This  can  be  attributed 
to  the  volume  expansion  of  lattice  due  to  larger  ionic  radius  of  La3+ 
(1.16  A)  in  comparison  to  Ce4+  (0.97  A).  The  bond  length  of  the  ceria 
matrix  (Ce-O/Ce-cations)  increases  on  addition  of  lanthanum  since 
its  lattice  binding  energy  with  oxygen  ion  is  lower  than  the  ceria 
matrix  [22],  Doping  of  La3+  in  ceria  lattice  will  also  induce  a  strain 
in  the  lattice  as  the  material  is  elastically  deformed.  Lattice  constant 
decreased  linearly  with  increasing  concentration  of  Sr2+as  shown 
in  Fig.  2(a).  This  is  due  to  decrease  in  the  total  concentration  of 
dopants,  i.e.  for  each  mol%  of  Sr2+,  2  mol%  of  La3+  decreases. 
Average  crystallite  size,  D,  of  powders,  calculated  by  Scherrer’s 
formula  from  the  X-ray  line  broadening  is  between  53  and  69  nm 
(Table  1 ).  Pellets  sintered  at  1350  °C  have  density  more  than  95%  of 
the  theoretical  values  (Table  1 ). 


Crystallite  size,  lattice  parameter  and  %  theoretical  density  of  compositions  of  the 
system  Cei  *  yLa,Sry02  (x/2iy}- 


S.No.  Compositions 

Crystallite  size  Lattice 
of  sintered  parameter  (A) 

powder  (nm) 

%  of  theoretical 
density 

i.  ceo.s5Lao.15O1.925 

53 

5.4582  ±  0.0005 

98.3 

2.  ceo.s7Lao.nsro.02O1.92 

5  58 

5.4530  ±  0.0003 

97.7 

3.  ceo.89Lao.07sro.04O1.92 

5  57 

5.4484  ±  0.0005 

95.0 

4.  ceo.91Lao.03sro.06O1.92 

5  69 

5.4445  ±0.0011 

94.3 

xLaOi.5  +ySrO  +  (1  -  x-y)Ce02  =  xLa'Ce  +ySr'(fe 

+  g+y)  V6  +  (1  -  x-y)CeCe  +  P  -  (x/2  +y)]00  (2) 

where  the  species  are  written  in  accordance  with  Kroger  Vink 
notation  of  defects.  Lattice  parameter  of  an  ideal  fluorite  structure 
can  be  calculated  using  Eq.  (3): 

a^(ranjon  +  rcation)  (3) 

where  ranion  and  rcaaon  are  radii  of  the  dopant  cations  and  anions, 
respectively.  The  radii  of  cation  and  anion  can  be  calculated  using 
the  following  Eqs.  (4)  and  (5): 


^cation  =  *rLa  +yrSr  +  (1  “  *  “  Wee 


(4) 


(5) 


where  rce,  tsr,  tu.  rv0  and  r0  are  radii  of  Ce4+,  dopant  cations,  oxygen 
vacancy  and  oxygen  ion,  respectively. 

From  the  above  equations,  lattice  parameter  of  lanthanum  and 
strontium  co-doped  ceria  system  can  be  written  as: 


jxru  +  yrSr  +(1  -X-y)rCe  + 
+  grV5t  +  0.5yrVflJ 


(6) 


By  using  rce  =  0.97  A  and  r0  =  1.4  A,  lattice  parameter  of  Ce02  is 
found  to  be  5.473  A.  Since  the  actual  lattice  parameter  of  pure  ceria 
is  5.414  A  from  JCPDS  files,  a  multiplication  factor  of  5.414/ 
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5.473  =  0.9892  was  taken  in  all  of  the  above  equations  [26].  Hence, 
the  equation  for  lattice  parameter  can  be  written  as: 


a  =  0.9892  x  xru  +yrS{  +  (1  -  x  -  y)rCe 


-  - - -  r0  +  (^rVot  +  0.5yrVflJ 


(7) 


where  and  are  oxygen  vacancy  produced  from  trivalent  and 
divalent  cations,  respectively.  Eq.  (7)  was  used  to  determine  theo¬ 
retical  value  of  lattice  parameter  for  lanthanum  and  strontium  co¬ 
doped  ceria  solid  solutions.  Lattice  parameter  for  Ce0.90Sr0.10O1.90 
and  Ceo.85Lao.15O1.925  can  be  calculated  using  Eqs.  (8)  and  (9). 

(a)  Ce0.90Sr0.10O1.90 


a  =  0.9892  x  A  Jo.90rCe  +  0.10rSr  +  (^)r0  +  (^)rvJ 

(8) 


(b)  Ceo.s5Lao.15O1.925 


:  0.85rCe  +  0.15^  +  ( 


(9) 


Substituting  the  lattice  parameter  of  Ce0.90Sr0.10O1.90  (5.429  A) 
and  Ceo.85Lao.15O1.925  (5.4582  A)  in  Eqs.  (8)  and  (9),  calculated 
oxygen  vacancy  radii  of  Ce0.9oSr0.ioOi.9o  and  Ceo.85Lao.15O1.925  are 
0.9498  and  1.154  A,  respectively. 

The  calculated  results  and  experimental  data  of  lattice  param¬ 
eters  of  lanthanum  and  strontium  co-doped  ceria  systems  are 
plotted  as  shown  in  Fig.  2(b). 

Substituting  the  values  of  ionic  radius  of  oxygen  vacancy 
produced  by  trivalent  and  divalent  dopant  denoted  by  rVa  and  rVo 
as  1.154  and  0.9498  A,  respectively,  in  Eq.  (7),  the  lattice  parameters 
were  calculated  and  are  shown  by  line  1  in  Fig.  2(b).  These  calcu¬ 
lated  values  are  different  from  the  lattice  parameter  obtained  from 
the  experimental  data  as  shown  in  Fig.  2(b).  If  the  same  value  of  rv. 
and  rVa  (average  oxygen  vacancy  radius  1.16  A)  are  substituted  in 
Eq.  (7), the  calculated  results  of  lattice  parameter  are  shown  by  line 
2.  This  result  was  found  in  good  agreement  with  the  experimental 
result.  Therefore,  it  is  found  that  the  radii  of  oxygen  vacancies 
formed  by  trivalent  and  divalent  cations  in  lanthanum  and  stron¬ 
tium  co-doped  ceria  systems  are  not  different.  These  results  are 
different  from  the  results  obtained  by  Yeh  and  Chou  [22],  where 
they  found  that  radii  of  oxygen  vacancies  created  by  divalent  and 
trivalent  dopants  are  different. 

Fig.  3(a)— (d)  shows  micrographs  of  thermally  etched  samples  at 
1250  °C.  The  surface  micrograph  of  sintered  pellets  revealed 
a  dense  structure  and  well  defined  grains  separated  by  grain 
boundaries.  All  the  samples  show  grains  having  varying  shape  and 
size.  The  image  of  all  the  samples  except  CL015  indicates  the 
presence  of  faceted  grains.  It  is  interesting  to  notice  that  average 
grain  size  increases  with  increasing  concentration  of  strontium  up 
to  4  mol%  and  thereafter  it  decreases.  The  average  grain  size  for  the 
samples  CL015,  CL11S2,  CL7S4  and  CL3S6  are  found  to  be  1.0,  3.5, 
4.0  and  2.9  pm,  respectively. 


Fig.  3.  Scanning  electron  micrographs  of  various  compositions  (a)  CL015,  (b)  CL11S2,  (c)  CL7S4,  (d)  CL3S6  etched  at  1250  °C. 
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AC  impedance  analysis  is  well  suited  for  the  electrical  conduc¬ 
tivity  measurements  of  ionic  conductors.  This  method  provides 
information  on  the  contribution  of  grains  and  grain  boundaries  and 
electrode  polarization  to  the  total  conductivity. 

Complex  plane  impedance  plots  of  all  the  samples  in  air  at 
200  °C  as  well  as  for  CL7S4  sample  at  different  temperatures  are 
shown  in  Fig.  4a  and  b,  respectively.  At  200  °C,  three  contributions 
can  be  distinguished:  an  incomplete  depressed  semicircle  at  high 
frequency  and  two  depressed  arcs  at  lower  frequencies.  These  arcs 
can  be  ascribed  to  contribution  of  grain  polarization,  grainboun¬ 
dary  polarization,  and  electrodes  polarization,  respectively  in  order 
of  decreasing  frequency.  In  order  to  see  clearly,  the  contribution  of 
grains,  the  data  is  plotted  on  an  expanded  scale  in  the  insets. 
Intercepts  of  the  arcs  due  to  grains  and  grain  boundaries  decrease 
with  increase  in  Sr2^  concentration  for  y  <  0.04.  Thereafter  these 
values  decrease  for  y  >  0.04.  The  time  constant  x,  for  a  dielectric 
relaxation  decreases  as  temperature  increases.  This  leads  to  shifting 
of  arcs  towards  higher  frequencies.  Therefore,  all  the  arcs  are  not 
observed  at  all  temperatures  in  the  limited  range  of  frequency  of 
the  equipment.  The  arc  corresponding  to  contribution  of  grains 
disappears  at  325  °C  It  is  noted  from  Fig.  4(a)  that  total  resistance 
given  by  Rg  +  Rgb  is  minimum  for  CL7S4  among  all  the  composi¬ 
tions.  Arcs  due  to  grains  and  grain  boundaries  are  associated  with 
the  capacitances  in  the  pF  and  nF  ranges,  respectively,  determined 
from27x/maxRC  =  1 ,  where  /max  is  the  applied  frequency  at  the  arc 
maximum  and  R  is  the  resistance  obtained  from  the  intercept  of  the 
arcs  on  Z'  axis.  Total  resistance  of  the  electrolyte  is  given  by: 


Rt  =  Rg+  Rgb  (10) 

Conductivity  a  at  different  temperatures  can  be  obtained  using 
the  formula: 


where  L  and  S  represent  the  thickness  and  electrode  area  of  the 
sample  surface,  respectively. 

Addition  of  trivalent  or  divalent  cations  to  ceria  produces 
oxygen  vacancies  responsible  for  ionic  conduction  in  these  oxides 
[27-29]  as  given  below  in  the  Eqs.  (12)  and  (13). 


La203  >  2La(~e  +  300  +  V" 

(12) 

SrO-CeC^Sr^e  +  00  +  V^ 

(13) 

where  all  the  species  are  written  in  accordance  with  Kroger  Vink 
notation. 

Arrhenius  plots  of  bulk  conductivity  for  all  the  samples  are 
shown  in  Fig.  5.  Ionic  conductivity  of  grains  increases  with 
increasing  strontium  content  up  to  4  mol%.  For  higher  concentra¬ 
tion  of  Sr2+  (y  >  0.04)  it  decreases.  This  is  probably  due  to  the 
dissolution  of  SrO  in  the  ceria.  Dissolution  of  Sr2+  ions  in 
lanthanum-doped  ceria  sample  will  produce  a  higher  association 
enthalpy  for  oxygen  vacancies  and  hence  lower  conductivity  [29] 

Arrhenius  plots  of  grain  boundary  conductance  of  the  samples 
are  shown  in  Fig.  6.  It  can  be  seen  from  Fig.  6  that  the  grain 
boundaries  conductance  of  the  samples  depends  strongly  on  the  Sr 
content.  It  may  be  due  to  scavenging  effect  of  Sr2^  ions  to  remove 
siliceous  impurities.  It  has  been  reported  by  Gerhardt  et  al.  [30],  on 
the  basis  of  scanning  transmission  electron  microscopy  (STEM) 
combined  with  energy  dispersive  X-ray  microanalysis  (EDXM)  and 
electron  energy  loss  spectroscopy  (EELS)  that  in  yttrium  doped 
ceria  there  exists  an  amorphous  silica  thick  layer  surrounding  the 
grains.  This  layer  blocks  the  charge  carriers  leading  to  increase  in 


Fig.  4.  (a)  Impedance  plots  for  various  compositions  (a)  CL015,  (b)  CL11S2,  (c)  CL7S4, 
(d)  CL3S6  at  200  °C.  (b)  Impedance  plots  for  the  composition  CL7S4  at  (a)  200  °C,  (b) 
250  °C,  (c)  325  °C,  (d)  375  °C,  (e)  425  °C  and  (f)  500  °C. 
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Fig.  5.  log  ae  Tvs  lOOO/r  plots  of  all  the  compositions  of  the  system  Ce,  ,  ..La^SryO^ 
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the  resistivity  of  the  grain  boundaries  and  hence  the  total  resis¬ 
tivity.  They  also  observed  the  formation  of  some  silicate  phases  of 
yttrium.  Similar  silicate  phases  may  form  in  the  materials  under 
present  investigation.  The  exact  compositions,  morphology  and 
distribution  of  these  phases  require  analytical  studies  as  mentioned 
above.  Removal  of  silica  decreases  the  resistivity  of  the  grain 
boundaries  leading  to  decrease  in  the  total  resistivity.  They  further 
observed  that  increase  in  ionic  radius  of  the  dopant  increases  its 
effectiveness  in  removing  silica  [31],  To  confirm  the  scavenging 
effect  of  strontium  for  grain  boundaries,  the  influence  of  the  grain 
boundaries  conductivity  on  the  total  conductivity  is  evaluated 
through  the  blocking  factor  (£*r)  [31,32]  given  by 


(14) 


where  Rg  and  Rgb  are  resistance  of  grains  and  grain  boundaries.  aR 
gives  the  fraction  of  charge  carriers  being  blocked  at  the  imper¬ 
meable  internal  surface,  under  the  measuring  conditions,  with 
respect  to  the  total  number  of  charge  carriers  in  the  samples.  The 
blocking  factor  is  minimum  for  the  sample  CL7S4  (0.21)  at  375  °C. 
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Fig.  6.  log  Ggb  -T  vs  1000/T  plots  of  all  the  compositions  of  the  system  Cei_x_yLaxSry02- 
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For  CL015  its  value  at  375  °C  is  0.90.  This  establishes  that  strontium 
is  an  effective  grain  boundaries  scavenger. 

Fig.  7  shows  Arrhenius  plots  of  the  total  ionic  conductivity  for 
the  samples.  Activation  energy  of  conduction  for  the  total 
conductivity  was  determined  by  fitting  the  conductivity  data  to  the 
Arrhenius  relation: 

A  E 

=  T  exP  “  fef  ^ 

where  E  is  the  activation  energy  for  migration  of  O2-  ions,  k  is  the 
Boltzman’s  constant,  T  is  temperature  in  Kelvin,  and  A  is  the  pre¬ 
exponential  factor.  Activation  energies  for  conduction,  calculated 
from  the  slopes  of  Arrhenius  plots  in  the  temperature  range  200- 
500  °C  are  given  in  Table  2.  It  can  be  seen  that  the  activation 
energies  for  conduction  in  co-doped  ceria  are  less  than  those  of 
ceria  doped  with  La  only. 

It  is  found  that  addition  of  strontium  improves  the  ionic 
conductivity.  The  composition  Ce0.s9La0.07Sr0.04O1.925  (CL7S4) 
shows  the  highest  total  conductivity  among  all  the  samples. 
Surprisingly,  the  ionic  conductivity  of  Ce0.s9La0.07Sr0.04O1.925 
(CL7S4),  (4.76  x  10-3  S-cm_1)  is  about  20  times  as  high  as  that  of 
Ceo.85Lao.15O1.925  (CL015)  (2.02  x  10-4  S-cm_1)  at  500  °C.  It  suggests 
that  co-doping  using  an  optimum  ratio  of  La3+  and  Sr2+  concen¬ 
tration  enhances  the  ionic  conductivity.  Ionic  conductivity  of 
Ce0.89La0.07Sr0.04O1.925  at  600  °C  (obtained  by  extrapolation)  is  more 
(Table  2)  than  the  reported  values  of  conductivity  for  compositions 
Ce0.8Sm0.2O1.90  (1.20  x  10-2  S-cm_1)  [33]  and  Ceo.sGdo.2O1 90 
(1.29  x  1CT2  S-cnT1)  [34]  at  600  °C. 

In  this  study,  the  partial  substitution  of  La  with  Sr  causes  four 
effects  for  the  samples  of  Cei  _x_yLaxSry02_{x/2+y)-  Yamamura  et  al. 
[35]  reported  that  the  ordering  of  oxygen  vacancies  is  suppressed 


Table  2 

Total  conductivity  (at  500  °C  and  600  °C),  activation  energy  of  grains  (£g),  grain- 
boundaries  (£gb)  and  total  (£t)  conductivity  of  various  compositions  of  the  system 
Cei  _x_J/LaxSry02_{X/2+y}. 


S.No.  Compositions  <7t  at  500  °C  <rt  at  600  °C  £g  £gb  £t 

_ (S  cm  ')  (S  cm  'f  (eV)  (eV)  (eV) 

1.  Ceo.s5Lao.35O!. 925  2.02  X  10  4  9.400  x  10  4  0.89  0.98  0.97 

2.  Ce0.s7La0.nSr0.02O1.925  2.79  x  10-3  1.230  x  10“2  0.79  0.98  0.88 

3.  Ce0.89La0.07Sr0.04O1. 925  4.75  x  10-3  2.370  x  10-2  0.85  1.11  0.91 

4.  Ce0.91La0.03Sr0.06O1. 925  3.19  x  10-3  1.497  x  10-2  0.83  1.05  0.92 


Data  obtained  by  extrapolation. 
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due  to  doping.  This  decreases  activation  energy  which  enhances 
the  conductivity.  The  number  of  [LaCe  -  Vq]’  pairs  decreases  as 
twice  the  number  of  Sr2+  ions  added.  This  decreases  total  number 
of  associated  pairs  leading  to  enhancement  of  the  ionic  conduc¬ 
tivity.  Replacement  of  La3+  by  Sr2+  increases  the  lattice  strain  [36] 
due  to  larger  size  of  Sr2+  ion  (1.26  A)  as  compared  to  La3+  ion 
(1.16  A).  This  causes  the  increase  in  association  enthalpy  of  dopant- 
vacancy  pairs  [{Sr£e  - Vq}k]  [37,38].  Consequently  activation 
energy  increases  and  hence  ionic  conductivity  decreases. 

For  compositions  with  y  <  0.04,  first  two  factors  seem  to 
dominate  leading  to  an  increase  in  ionic  conductivity.  For  y  >  0.04, 
the  later  two  factors  may  start  dominating  causing  a  decrease  in  the 
ionic  conductivity.  Y  =  0.04  seems  to  be  an  optimum  value  for 
molar  concentration  of  Sr2+  which  gives  the  maximum  conduc¬ 
tivity.  Ionic  conductivity  increases  also  due  to  scavenging  effect  of 
strontium.  The  observed  trend  in  the  conductivity  values  may  also 
be  partly  due  to  the  same  trend  found  in  the  average  grain  size  of 
these  samples  mentioned  earlier.  Since  conductivity  of 
Ce0.89La0.07Sr0.04O1.925  composition  is  comparable  to  the  highest 
conductivity  reported  for  SDC  and  GDC,  use  of  this  material  as 
a  solid  electrolyte  for  intermediate  temperature  solid  oxide  fuel 
cells  will  reduce  the  cost  drastically.  Its  compatibility  with  other  cell 
components,  however,  is  necessary  for  its  application  in  IT-SOFC 
and  this  need  to  be  checked. 

4.  Conclusions 

Samples  of  ceria  co-doped  with  La  and  Sr,  Cei_x_yLaxSry02-{x/ 
2+y)  {(x  =  0.15,  y  =  0),  (x  =  0.11,  y  =  0.02),  (x  =  0.07,  y  =  0.04)  and 
(x  =  0.03,  y  =  0.06)}  having  same  number  of  oxygen  vacancies  (x/ 
2  +  y)  have  been  prepared  by  citrate-nitrate  auto-combustion 
method.  Density  obtained  by  sintering  at  1350  °C  is  more  than  95% 
of  theoretical  density.  It  has  been  found  that  the  average  radius  of 
oxygen  vacancy  formed  by  divalent  and  trivalent  dopant  cations  in 
co-doped  lanthanum  and  strontium  systems  is  an  important 
parameter  for  estimation  of  lattice  parameter  in  this  system. 
Ce0.89La0.07Sr0.04O1.925  shows  higher  conductivity  (20  times)  and 
lower  activation  energy  than  that  of  ceria  doped  with  lanthanum 
only  having  the  same  number  of  oxygen  vacancies  This  is  also 
higher  than  the  maximum  value  reported  in  the  system,  SDC  and 
GDC.  This  increase  in  ionic  conductivity  is  mainly  due  to  decrease  in 
grain  boundary  resistance. 
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